Groundwater in the Triassic Sherwood Sandstone aquifer, Liverpool, UK, has locally elevated chloride concentrations (∼4000 mg/l) in parts of the coastal region although there is freshwater right up to the coast line in other areas. The aquifer is cut my numerous faults with vertical displacements of as much 300 m. SPOT satellite data 5 have been used for the Merseyside area of Liverpool. The satellite data revealed and confirmed the location of some of the main faults since the fault zones of the aquifer have low permeability (due to grain crushing, cataclasis, and clay smearing). Where fault zones outcrop at the surface, below the well-developed regolith, there is locally elevated soil water and thus anomalous vegetation patterns in comparison to unfaulted 10 and highly porous aquifer. The ability to identify fault zones by this satellite-based method strongly suggests that they are at least partially sealing, sub-vertical features in the aquifer. Digitally enhanced and processed satellite data were used to define the relative proportions of sand and clay in the near-coastal (inter-tidal) part of the Mersey estuary. Sand-dominated sediment has higher pixel values in comparison with 15 clay deposits in the near infrared spectral region (NIR). Where open and weathered fault rocks crop out at the surface near the intertidal zone, water movement in these potential surface water conduits is limited where the intertidal zone is clay-dominated since clay will plug the conduit. Where these weathered and open fault-rocks crop out against sand-dominated parts of the coastline, fresh water outflux into the seawater 20 has been imaged using the satellite data. Furthermore, the high and low chloride concentration parts of the aquifer are separated by major, sub-vertical fault zones and have allowed a very steep water table gradient to remain in the aquifer.
Liverpool, passing through south Manchester towards Warrington. The river becomes tidal at Howley Weir where the upper estuary starts. It widens to form the inner estuary at Runcorn. The Mersey estuary continues through The Narrows which is a straight channel between urban Liverpool and Birkenhead (Fig. 1 ). This strongly tidal channel has its location controlled by variations in outcrop geology and has a depth of up to 30 m 5 (Carter, 1988; Environment Agency, 1999) . Where this channel flows into Liverpool Bay in the Irish Sea it forms the outer estuary, which is a large area of inter-tidal sand and mud banks. The Mersey is a strongly tidal river and estuary having the second highest tidal range in the UK (∼10 m). These strong tides have created deep channels and sandbanks throughout the Mersey estuary. The conurbation of Liverpool sits on 10 the Triassic Sherwood Sandstone aquifer directly adjacent to the northern and eastern edges of the Mersey estuary.
With the opening of Liverpool's first commercial dock in 1715, the Mersey catchment became a prime location for industrial expansion. The advent of mechanised spinning and weaving induced the siting of new mills along watercourses within the region.
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Associated with the textile industry was an increase in the bleaching, dying, finishing trades as well as chemical works. Allied to the growth of these old industries was the growth of the paper, heavy chemical and glass industries, which are still in production to this day. All of these industries used the waterways as a means for the disposal of industrial waste. This has resulted in a legacy of pollutants within the River Mersey 20 (Greenwood, 1999) . In addition, domestic waste produced by the expanding urban population was previously disposed of directly into the waterways resulting in gross pollution.
The quality of the River Mersey has improved since 1985 as a consequence of the Mersey Basin Campaign (http://www.merseybasin.org.uk/). Saline (marine) water is 25 currently the most common pollutant in the typically low salinity groundwater. Intrusion of seawater occurs where it displaces or mixes with freshwater in the aquifer. Seawater intrusion into the coastal aquifer has caught the attention of many hydrogeologists in the Mersey area for many years (e.g. Stephenson, 1850; Braithwaite, 1855; Hibbert, 889 1954 Hibbert, 889 , 1956 . A link between seawater invasion and falling water tables due to industrial and domestic exploitation has been suspected in Liverpool and neighbouring regions with same aquifer for many years (Howell, 1965; Bow et al., 1969; Crook and Howell, 1970 , 1971 , 1973 . Memon (1975) modelled saline groundwater inflow problems in the Liverpool-Birkenhead area using a viscous flow analogue. Tellam and Lloyd (1986) 5 attempted to analyse the processes and consequences of seawater intrusion using geochemical methods while described the morphology of the saline groundwater body in an area 20-30 km east of Liverpool.
The approach taken for the previous studies to detect the seawater intrusion was based mainly on groundwater geochemistry data. NMBSGS (1984) mathematically   10 studied the boundary conditions of the groundwater aquifer in the Liverpool area and presented a flow model from the sea to the aquifer and vice versa (Fig. 1) . Integrated management of the Upper Mersey River basin using SMILE, an object oriented software system, was attempted but it failed to explain the distribution of strongly differing degrees of seawater intrusion (Spanou and Chen, 2002) . It is difficult to identify the 15 specific location of the seawater intrusion through the fault zones (Fig. 2) . In this study we have employed satellite data to assist in the study of coastal aquifers. Analysis of satellite data (SPOT data) is a new approach to help detect and understand seawater intrusion locations in Merseyside. Satellite data have the potential to qualitatively and quantitatively infer groundwater and soil water geochemical and distribution vari-20 ation (Mukherjee, 2004; Jaisawal et al., 2003) . The attempt to identify the controls on seawater invasion of the Sherwood aquifer in Merseyside area demonstrates a new technique for hydrogeologists, but it can be used and replicated globally employing a similar approach.
Geological stratigraphy of the aquifer
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Groundwater in the Sherwood Sandstone Group fine to coarse-grained sandstone has played an important role in the development of Liverpool City by supplying water for industrial and public consumption (Taylor et al., 2003) . These aquifers have consequently been the subject of considerable research (e.g. Walton, 1981; Edmunds et al., 1982; Edmunds and Smedley, 2000; Jackson and Lloyd, 1983; .
Permo-Triassic sedimentary rocks represent the principle aquifer units under Liverpool. The regional stratigraphy is represented in Table 1 and Fig. 2 . Permo-Triassic 5 sedimentary rocks rest unconformably over Upper Carboniferous sandstones and mudstones that are typically considered to denote the low permeability base of the aquifer. These older rock units crop out in the east and northeast of the area (Fig. 2) . The Permo-Triassic sedimentary succession starts with the Collyhurst Sandstone Formation, which is red-grey and fine to medium grained. The stratigraphically-equivalent
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Manchester Marl and Bold Formations conformably overlie the Collyhurst Sandstone. The Manchester Marl in the north is not well exposed but is composed of calcareous siltstone or shale with thin bands of fossiliferous limestone. The age-equivalent Bold Formation in the south is made up of fine to very fine-grained sandstones.
The major sandstone unit that represents the bulk of the aquifer in the area, the The Quaternary sediments represent a short length of post-glacial deposition with the sediments in this area dominated by sand materials in the south of area although the northern parts of Merseyside have abundant peat deposits away from the coast.
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Geological structure of the aquifer
The structural geology of the area is dominated by a variety of faults that are represented on published geological maps and cross sections from the British Geological Survey (and its predecessors) and other published work (e.g. Morton, 1899; Wedd et al., 1923; Shackleton, 1953; NMBSGS, 1984) .
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Although faults dominate the geological structure from the hydrogeological perspective (Fig. 2) , there is also a subtle low amplitude fold with its axis running approximately northeast to southwest. This fold is known as the Knowsley anticline ( Fig. 2) and it results in a general, low angle northwest dip over the northern part of the study area and southeast dip in the vicinity of Halewood, Speke and Widnes. There are other small 10 syn-and anti-forms to the north of the Knowsley anticline but they have a very limited effect on the general dip of the strata.
The area is intensively disrupted by numerous large normal faults. These generally trend north-northwest -south-southeast with some smaller east -west cross faults. The throws of these faults vary from a few meters to >300 m. Examples of faults with 15 large displacements are the Boundary fault, the Croxteth fault and the Eccleston West fault (Fig. 2) . The faults that seem to cause the greatest geological complexity occur at the boundary between the Permo-Traissic and Carboniferous rocks (Fig. 2) . Faults in the Triassic Sherwood Sandstone aquifer have been shown to have extensive low permeability zones associated with them; the thickness of the fault rock and the reduction 20 of permeability are proportional to the displacement of a particular fault (Beach et al., 1997; Chadwick, 1997; Cowan, 1996) . In some places just north of Liverpool, small petroleum accumulations and seepages have been shown to be localised by faults testifying to their low permeability (sealing capacity; Kent, 1948; Lees and Taitt, 1945) .
The water table has been mapped out for the year 1997 using abundant borehole 25 water depth data provided by the Environment Agency (Fig. 3) . NMBSGS (1984) mathematically studied the boundary conditions of the groundwater aquifer in the Liverpool area and developed a model of the flow pattern in the aquifer from the sea to the aquifer and vice versa (Fig. 1) . In the present study it will be shown from the interpretation of SPOT satellite data that the pattern of seawater intrusion is limited by the presence of faults in the aquifer. This fact is not totally in contradiction with NMBSGS model but it is more accurate and authentic because it can be used to identify the local structural control on groundwater movement within the aquifer. The source of information is based 5 on the relative spectral reflectance in the near infrared part of the spectrum, which can be employed to measure the soil moisture through vegetation vigour in faulted areas (Parizek, 1997) .
Groundwater geochemistry in the coastal aquifer
Previously unpublished borehole water geochemistry data have been made available 10 by the UK Environment Agency. Data from the coastal and inland regions have been assessed for their concentrations of dissolved ions to assess the spatial distribution of the saline intrusion. Distribution maps of the concentrations of aqueous chloride and sulphate (mg/l) from a chosen year (1997) have been prepared (Figs. 4 and 5) . Aqueous chloride offers the best data set since this species is geochemically conservative, i.e. it will probably represent a simple physical mixture between seawater and freshwater since chloride is little affected by precipitation or adsorption reactions. Sulphate, on the other hand, is not necessarily conservative since it can undergo bacterial reduction to produce pyrite (and can be involved in other geochemical processes).
As expected for groundwater in temperate climatic regions, chloride concentrations 20 are relatively low (<100 mg/l) for much of the area (Fig. 4) . However, there are notable exceptions. The coastal strip near where the Mersey channel is at its narrowest has chloride concentrations in excess of 1000 mg/l. Also the coastal strip in the southeast of the study area is locally elevated to as much as 4000 mg/l. Maps of the dissolved sulphate concentrations have some similarities to the chloride maps although they are 25 not exactly the same (Fig. 5 ). Sulphate is elevated in parts of the coastal strip and just to the west of the centre of the study area.
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This paper will serve to assess the viability of using satellite data in hydrology and hydrogeology. Specifically, the value to mapping out faults in the aquifer in this temperate region where there is intensive land use will be assessed. The hydrogeological context is complex with a puzzling pattern of saline intrusion occurring immediately adjacent to portions of the aquifer that have a water table many 10's of meters above sea 5 level. Satellite-related data will be employed to try to understand the localised pattern of water movement in this area.
Satellite date (spot) interpretation to understand saline intrusion: methods
Application of satellite remote sensing for natural resource management began initially with the launch of the first operational earth observation satellite, ERTS-1, in August 10 1972, later known as LANDSAT-1 (Mukherjee, 1996 (Mukherjee, , 2004 . Today, along with other satellites in space, data from French SPOT (Systeme Pour l'observation de la Terre system) are available on a continuous basis. The sensors operate in two modes; multispectral and panchromatic. SPOT is commonly referred to as a "push broom scanner" meaning that all scanning parts are fixed and scanning is accomplished by the forward 15 motion of the satellite. The SPOT satellite can observe the same area on the globe once every 26 days. The SPOT scanner normally produces nadir views (those directly below the satellite), but it does have off-nadir viewing capability. Off-nadir refers to any point that is not directly beneath the detectors, but off to an angle. Using the offnadir capability, one area on the earth can be viewed as often as every 3 days. For the 20 present study SPOT XS, or multispectral, data were used which has 20 m×20 m spatial resolution and contains 4 spectral bands.
Multispectral SPOT data of Liverpool Merseyside were analysed for three major features that may help assess the location and control on seawater invasion of the aquifer. The first feature is the occurrence of faults onshore, on ground now covered by vege-25 tation, within a few kilometers of the coastline. The second is the occurrence of faults at the coast directly adjacent to the intertidal region. The third is the distribution of mud 894 versus sand on the intertidal zone of the coastline and the estuary.
Maps of the distribution of different geological formations prove that a number of significant faults occur in the sandstone aquifer (Fig. 2) . These faults will likely occur as discrete sub-vertical zones of deformed and fractured rock matrix (Beach et al., 1997; Chadwick, 1997) in which the fault-rock has a significantly lower permeability 5 than the undeformed rock matrix (Beach et al., 1997; Chadwick, 1997) . Some faults intersect with the coastline and the River Mersey (e.g. the Kirkdale, Tuebrook, Croxteth and Boundary faults, Fig. 6 ). However there are various branches off these faults that link the fault system and make an interconnected fault network.
On the SPOT data, faults can be identified as locations where there are relatively 10 higher spectral reflectance values in the near infrared band in 10 m resolution multispectral mode . Where the mid infrared band 4 (1.58-1.75 µm) is 50% greater than the green band 3 (0.50-0.59 µm) represents great vegetation vigour. Thus the anomalously good health of the vegetation is picked up in the details of the near infrared and green parts of the spectrum in the satellite data. Above the fault zones, it is likely that 15 the reduced permeability of the underlying rock (Beach et al., 1997; has led to locally enhanced soil moisture since the water cannot drain away as quickly (Price et al., 1962; Kirkpatrick et al., 1963) . Use of the hyperspectral tool in the ERDAS software has proved to be an effective way of detecting hidden faults (e.g. Abrams et al., 1985) . An automatic internal average relative reflectance (IAAR) model was used in 20 this image. This model combines three commonly used functions into a single process. First the raw data are normalized using the same algorithm that is accessible through the normalize model. Next the internal average relative reflectance is computed using the same routine used by the internal average relative reflectance model. Using this approach it may be possible to pick out faults lying below the regolith in the aquifer.
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It is likely that only faults with the greatest displacement and thickest sub-vertical fault zones will show up by this approach (Spechler, 2001) . Thus the hidden faults were made visible by using this technique. Along the fault line soil moisture is effectively higher predominantly due to the occurrence of a localised decrease in bedrock (sub-895 regolith) permeability. The higher soil moisture content allows better vegetation growth (Dalal and Henry, 1986; Huete, 1988; Jackson et al., 1999) . At the intersection of two faults the vegetation anomaly is even more extreme. For example, the Cross fault and Tuebrook fault intersection has overlying soil with very high moisture in this area. It was possible to delineate this anomalous vegetation vigour using middle near infra 5 red spectral band 4 of SPOT data. All those areas with higher soil moisture were inferred as red patches in the IAAR processed image. Faults could be identified in, and directly adjacent to, the intertidal region using the high pass filter of ERDAS software in the SPOT data. The high pass filters used to sharpen images are, in essence, edge enhancement techniques. Here high frequency 10 components are passed but low frequency components are attenuated. This allowed the elongated depressions to be mapped out.
The water adjacent to these demonstrably open faults was examined for changes in turbidity since fresh water springs are commonly associated with faults. The water was examined in the SPOT data using natural colour composite tool of classification in 15 ERDAS software. The result was generated by the intensity hue saturation technique.
SPOT data can be used to reveal the relative proportions of sand and clay in the intertidal part of the Mersey estuary and especially the parts that are directly adjacent to the Liverpool shore. This relative percentage of clay (as opposed to sand) in the intertidal zone was inferred from the near infrared part of the spectrum. Areas domi-20 nated by clay have very low values in the near infrared part of the spectrum (20 to 40 in 0-255 range) while areas dominated by sand have much higher values in the near infrared part of the spectrum (120-150 in 0-255 range; Fig. 7 ). The relative percentage of clay was determined for more than 50 individual locations along the coastline using the equation: clay%=256×100/NIR value (where 256 is the maximum pixel value at any point). Clay-dominated intertidal zones will have different permeability characteristics than sand-dominated intertidal zones; this may be especially important at the sites were open fault impinge on the intertidal zone.
Results
Water table maps (Fig. 3) and maps of the concentration of chloride and sulphate in the groundwater (Figs. 4 and 5 ) for the year 1997 reveal a picture of seawater intrusion in the area just close to the Mersey estuary.
Open faults adjacent to the intertidal zone 5
Some faults were visible in the near intertidal region having the appearance of elongate depressions (Fig. 8) . These faults abutted the shoreline and were lost from view where they were covered with sediment or seawater. The established geological map proved that these features are indeed significant geological faults. The presence of depressions must be due to the fault zone being more prone to weathering and erosion that 10 the surrounding undeformed rocks.
Nature of sediment in the intertidal zone
The relative percentage of clay was determined for more than 50 individual locations along the coastline (Fig. 9) . It is noteworthy that the sand-dominated sediment is found (1) where the river Mersey broadens out into the Estuary, (2) in the Narrows and (3) 15 along the Irish Sea coastline of the aquifer. Clay-dominated sediment occurs along the coast where the estuary is widest and water flow velocities will be least. These near-shore inter-tidal zone clay sediments were identified as being greater than 4 meters wide, computed by using the ERDAS measurement tool from the SPOT satellite data. Clay-dominated intertidal zones will have different permeability characteristics 20 than sand-dominated intertidal zones; this may be especially important at the sites were open fault impinge of the intertidal zone. 897 6.3 Fault patterns away from the coastline within the aquifer The Liverpool area includes land that has either been built on or farmed. Land-usage is intensive. There is relatively little bedrock exposure and most of the geological map production the area has been done using boreholes and remote sensing techniques. In spite of this pattern of land use, the satellite data have elongate and corre-5 latable anomalies that can be mapped out to form continuous features (Fig. 10) . The anomalies can be understand in terms of long, low-permeability zones sitting within the broadly porous and permeable aquifer. Fault rocks in the aquifer between the foot and hanging wall of the fault best explain these features. Comparison of published geological maps of the area and the elongate anomalies confirm that the features do indeed 10 represent major geological faults (that have seen up to 300m of vertical displacement) and prove the value of (i.e. ground-truth) the approach.
Discussion
Seawater invasion of the Sherwood sandstone aquifer
The water table in 1997 was below sea level in the some areas close to the Mersey 15 estuary (Fig. 3) . The greatest decrease in water table elevation from >30 m above sea level to >10 m below sea level occurs in the central Liverpool and Widnes areas. In the Liverpool area west of the Kirkdale fault and in the Widnes area east of the Boundary fault the water table falls to −10 m O.D. However the area between the Croxteth and Boundary faults close to the Mersey River, the groundwater level does not reach the 20 same level as in Liverpool and Widens areas. The relative flow directions of groundwater and seawater were modelled by NMBSGS (1984, and Fig. 1) . This model revealed that in the areas where the water table falls below sea level, the flow is from the sea to the aquifer. On the other hand, in the areas where the water table is above sea level then the flow is from the aquifer to the sea. The chloride and sulphate concentration distribution maps (Figs. 4 and 5) reveal a similar pattern to the water table height map. Chloride and sulphate occur at high concentrations in the areas of central Liverpool and Widnes. This confirms the seawater intrusion in these areas. In contrast, the areas north of Liverpool and between the Croxteth and Boundary faults, chloride and sulphate concentration are low proving that seawater intrusion has not occurred. The 5 pattern of seawater invasion is locally variable.
7.2 Viability of mapping faults in temperate, urban and agricultural areas using satellite data
The major faults delineate approximately N-S sub-vertical bodies of crushed and ground fault rock (Fig. 2) . For Triassic Sherwood Sandstone, it has been recorded that the thickness of the fault zone is related to the amount of displacement on the fault so that faults with greater displacement will have wider damaged zones (Beach et al., 1997; Chadwick, 1997) . One of the consequences of the damaged zone is that it will have lower permeability than the surrounding rock (due to grain size diminution, cataclasis, and clay smearing). Faulted rock in gas fields in the same Triassic 15 sandstones (50 km offshore) form effective seals that stop the escape of gas from the structure (Knipe et al., 1993) , thus proving that faulted Triassic Sherwood Sandstone does indeed have very low-permeability. Faults lying below regolith cannot be seen using standard geological mapping techniques. The application of satellite remote sensing offers a relatively novel way of 20 mapping out major geological faults. There is the caveat that only major faults are discernable since only these have enough displacement to have resulted in thick lowpermeability fault rocks. Furthermore, this technique (satellite image data manipulation) will only work where a permeability-contrast results from the movement on the fault plane. Thus if there was a major fault with low permeability mudstone on either 25 side, the fault zone would not have a permeability contrast (to the matrix rock) and are unlikely to be visible using indirect satellite imagery. Indeed, the approach would not work if a low permeability mudstone were juxtaposed to a higher permeability aquifer 899 sandstone since the low permeability fault rock would be indistinguishable from the adjacent low permeability mudstone. In conclusion, this technique of using satellite data to identify major faults should work best in unconfined aquifers. This approach could be universally applicable for delineating groundwater compartments that result for sub-vertical faulting. 
Open faults in and next to the intertidal zone
The role of faults in controlling groundwater discharge adjacent to areas with relatively elevated water tables has been confirmed using the satellite data. Close to the shoreline and the intertidal zone, short elongate depressions follow the paths of conventionally-mapped faults (Fig. 8) . In these areas the fault zone, being damaged and weakened by repeated geological movements, will have been weathered and eroded faster than the surrounding unfaulted aquifer (e.g. Rowe and Burley, 1997). These faults will thus probably have a deeper weathering profile below the regolith than unfaulted sandstone. In the near-surface, this weathered and weakened zone will likely be a site of preferred water flow (focussing of near-surface flow). This alone is 15 significant but best of all is that the satellite data record signs of freshwater discharge from the fault zone into the saline waters of the estuary (Fig. 7) . This discharge is recognised by a net reduction in the turbidity of the water in the estuary. This approach has shown that it is possible to identify faults, by direct means, using satellite data immediately adjacent to the coast-line and just into the intertidal zone. The movement of seawater into the onshore aquifer ( Fig. 1) illustrated by the elevated chloride content (as high as 4000 mg/l; Fig. 4 ) is largely the result of the over-extraction of fresh water from the aquifer in the immediate area for use in various medium and aquifer into the seawater of the Mersey estuary and the open sea (Fig. 1) is the result of a local water table high just to the east of the centre of the city of Liverpool (Fig. 3) where there is a localised topographic high. Where there is a flow of fresh water into the seawater there is a low chloride concentration recorded in the local groundwater. This is also where the open faults in the intertidal zone display an outflux of water into 5 the estuary (as imaged using the satellite data: Fig. 7) . One of the mysteries of the relative converse movements of seawater and freshwater is why there is such a steep gradient in the water table and why freshwater from the water table high (Fig. 3) does not flow down the steep hydrostatic gradient and more extensively fill the water table depression with freshwater. The major faults that could be mapped using the satellite 10 data (Fig. 10 ) must have low permeability (to facilitate imaging from the satellite data) and must act as an important transmissibility barriers in the aquifer. The dominant fault trend is approximately N-S thus allowing saline intrusion in a northwards direction from the Mersey estuary near to Widnes. The other site of a sub-sea level water table, near central Liverpool, has a much more restricted zone of saline invasion since the influx 15 direction is perpendicular to the main fault trend in this area.
Conclusions
The Identification of faults has been achieved using SPOT data. The Automatic Internal Average Relative Reflectance tool of ERDAS was found to be a very useful hyperspec-25 tral tool. This tool could be used for the automatic identification of faults hidden beneath regolith. This worked since fault zones will have lower permeability than the majority of 901 the aquifer. This will lead to relatively poorer drainage and commensurately a different (better) state health of the overlying vegetation.
Fault zones will only be identifiable using satellite where the faulting has led to a distinct difference in permeability within the fault zone relative to higher permeability unfaulted rocks. Fortunately, this technique could thus prove to be useful for mapping 5 major, sub-vertical fault-zone transmissibility barriers in aquifers.
Fault zones at the coast and towards the intertidal zone were mapped out from the satellite data since the very top of the low permeability fault zones must be more prone to weathering and erosion than the surrounding aquifer sandstones.
Identification of sand versus clay in the intertidal zone has been achieved using 
